We present a model of galaxy clusters in which radiative cooling from the hot gas is balanced by heat transport through turbulent mixing. We describe the turbulent heat diffusion by means of a mixing length prescription with a dimensionless parameter α mix . Models with α mix ∼ 0.01 − 0.03 yield reasonably good fits to the observed density and temperature profiles of several cooling flow clusters. The model clusters do not experience any serious thermal instability: they are either completely stable or have growth times considerably longer than the Hubble time. With the assumption that α mix is roughly the same for all clusters, the model reproduces remarkably well the observed scalings of X-ray luminosity, gas mass fraction and entropy with temperature. The break in the scaling relations at kT ∼ 1 − 2 keV is explained by the break in the cooling function at around this temperature, and the entropy floor observed in galaxy groups is reproduced naturally.
Introduction
Recent X-ray observations of galaxy clusters (Peterson et al. 2001, 2003, and references therein) show that there must be some heat source balancing the radiative cooling of the hot gas. Current ideas include (1) heat transport from the outer regions of the cluster to the center by thermal conduction (e.g., Bertschinger & Meiksin 1986; Bregman & David 1988; Rosner & Tucker 1989; Narayan & Medvedev 2001; Dos Santos 2001; Voigt et al. 2002; Zakamska & Narayan 2003, hereafter ZN03) , (2) energy injection by jets and radiation from a central active galactic nucleus (AGN; Churazov et al. 2000 Churazov et al. , 2002 Ciotti & Ostriker 2001; Brüggen & Kaiser 2002; Kaiser & Binney 2003) , or (3) a combination of both (e.g., ZN03, Ruszkowski & Begelman 2002; Brighenti & Mathews 2002 Brüggen 2003) .
Models based on electron conduction are able to reproduce the observed profiles of gas density and temperature in several clusters (ZN03). The models are also much less unstable than models without conduction (Kim & Narayan 2003, hereafter KN03) . These features, which are the result of the diffusive nature of conduction, make the model quite attractive. Another diffusive process that may be potentially important in galaxy clusters is turbulent mixing. Clusters are highly dynamic entities that are constantly being stirred by the infall of groups and subclusters and by the motions of galaxies. These dynamical motions supply a large amount of turbulent kinetic energy, perhaps comparable to the thermal energy of the cluster (e.g., Deiss & Just 1996; Roettiger et al. 1999; Ricker & Sarazin 2001) . The turbulence also causes diffusive mixing which tends to erase gradients in the specific entropy, chemical composition, etc. (Sarazin 1988) , and to transport heat efficiently (Cho et al. 2003) .
In this Letter, we investigate a model of galaxy clusters in which turbulent heat transport balances radiative cooling of the hot gas. In §2, we introduce a simple prescription for the turbulent heat flux based on a mixing length concept. We solve for the equilibrium structure of the cluster gas in §3.1 and compare the model with observations. We then discuss in §3.2 the thermal stability of the gas. In §4, we present various scaling relations predicted by the turbulent mixing model, and compare these with observations. We conclude in §5 with a brief discussion.
Model
We assume that the local heat flux in the turbulent gas in a cluster is proportional to the entropy gradient:
where ρ is the gas density, T is the temperature, and s is the entropy per unit mass. We write the diffusion coefficient κ mix as the product of the local isothermal sound speed c s and a scale length l; the latter is generally equal to the local radius, except near the center where it is equal to the core radius r c (see ZN03 for the definition of r c ). Physically, we expect κ mix to be ∼ v turb l coh /3, where v turb is the rms turbulent velocity and l coh is the coherence length of the velocity field (e.g., Deiss & Just 1996; Cho et al. 2003 ). If we write v turb = α 1 c s and l coh = α 2 l, and assume that α 1 and α 2 are roughly constant, then we reproduce the scaling given in equation (1), with α mix ∼ α 1 α 2 /3 < 1/3.
We consider a spherically symmetric cluster in hydrostatic equilibrium, (1/ρ)dP/dr = −dΦ/dr, where P = c 2 s ρ is the pressure and Φ is the gravitational potential. We assume steady state, so that the radiative cooling of each gas element is balanced by the divergence of the heat flux:
where j is the radiative energy loss rate per unit volume. For T > ∼ 2 keV, j is dominated by thermal bremsstrahlung from free electrons and ions, while for lower temperatures it is mostly due to atomic transitions. The specific entropy for a classical perfect gas is given by s = c v ln(P ρ −γ ), where c v is the specific heat at constant volume and γ = 5/3 is the adiabatic index of the gas.
Results

Equilibrium Profiles
Using the expressions for Φ and j given in ZN03, we have solved the basic equations described above to calculate the radial profiles of the electron number density n e (r) and temperature T (r). We follow the procedure presented in ZN03, except that we replace the conductive heat flux with the turbulent heat flux (eq. [1]). For each cluster, we take T (0) from observations and vary α mix and n e (0) to find the solution that gives the best representation of the observed n e (r) and T (r) of the cluster.
We have applied the turbulent mixing model to the same ten clusters analyzed by ZN03. Of these, ZN03 found that five could be fitted well with the thermal conduction model, while five could not. With the turbulent mixing model, we find that we obtain fairly good fits for all ten clusters. The best-fit values of α mix for the five clusters (A1795, A1835, A2199, A2390, and RX J1345.5-1145) that ZN03 found to be consistent with the conduction model lie within a remarkably narrow range, α mix ∼ 0.012 − 0.014, while the other five clusters (A2052, A2597, Hydra A, Ser 159-03, and 3C 295) require α mix ∼ 0.014 − 0.03. The slightly larger α mix in the latter group may reflect the fact that these clusters have powerful AGNs that cause extra turbulence. Figure 1 shows results for two typical clusters, A1795 and Hydra A. We see that both the mixing model and the conduction model are consistent with the observations. However, the conduction model for Hydra A requires an unphysically large value of the conduction coefficient (which is why this cluster was identified by ZN03 as being inconsistent with pure conduction), while the mixing model requires a value of α mix = 0.025 which is within a factor of two of the value α mix = 0.013 required for A1795.
Thermal Stability
A major attraction of the thermal conduction model is the fact that conduction controls the thermal instability of the hot gas (ZN03, KN03). Whereas perturbations in a typical cooling core cluster without conduction grow on a time scale of several 10 8 yr, in the presence of conduction the most unstable mode has a growth time of ∼ 4 × 10 9 yr (KN03).
We have repeated the global stability analysis of KN03 for the turbulent mixing model. For A1795, with α mix = 0.013, we find that mixing suppresses the instability in all radial modes except the fundamental (nodeless) mode, just as with thermal conduction (KN03). The growth time of the lone unstable mode is ∼ 800 Gyr, which is very much longer than the Hubble time. In the case of Hydra A, with α mix = 0.025 (and thus a larger κ mix ), we find that all modes, including the nodeless fundamental mode, are stable. Thus, the equilibrium models discussed in §3.1 are stable solutions for all practical purposes.
Scaling Relations
Groups and clusters of galaxies form when primordial density perturbations in the universe grow, gravitationally collapse, and merge together according to the standard hierarchical clustering scenario. The statistical properties of these collapsed systems contain many clues to the process of cosmic structure formation. Numerous X-ray studies have been published on the power-law scalings of the size, temperature, X-ray luminosity, mass, entropy, and gas mass fraction of galaxy clusters. The best fit values of the power-law indices depend on the particular sample of clusters used and on the specific methods employed to estimate the mass and temperature. Nevertheless, there is a broad consensus on the observed scalings as functions of temperature T , as summarized in the first three columns of Table 1 .
Although the lack of reliable samples with kT < 1 keV prevents a precise determination of the power-law indices in this range, the observed scalings show that there is a clear break in cluster properties at a characteristic temperature ∼ 1−2 keV; hotter (colder) clusters have steeper (shallower) entropy variations as a function of temperature, and shallower (steeper) variations of gas mass fraction and X-ray luminosity.
The fact that smaller clusters or groups have relatively constant entropy has been recognized as an "entropy floor". The prevailing explanations for this surprising effect include (1) pre-heating of intracluster gas (Kaiser 1991; Evrard & Henry 1991) Davé et al. 2002) , and (3) both radiative cooling and supernova feedback (Voit & Bryan 2001; Voit et al. 2002) . None of these models includes the effects of thermal conduction or turbulent mixing. It is thus of interest to understand what kinds of scaling relationships are expected if galaxy groups and clusters evolve via a balance between radiative cooling and conductive/turbulent heating.
When thermal conduction by electrons is the dominant heating mechanism, the local heat flux is given by F = −κ cond ∇T , with κ cond = f κ Sp ∝ T 5/2 (Spitzer 1962 ). For kT > 2 keV, we may assume j ∝ n 2 e T 1/2 , corresponding to thermal bremsstrahlung. Then, using equation (2) and substituting ∇ ∼ 1/r s ∼ 1/T 1/2 , we find that the gas density in equilibrium scales as n e ∼ T , which gives a gas mass M g ∼ n e r 3 s ∼ T 5/2 , gas fraction
, and entropy S ≡ exp(s/c v ) ∼ T /n 2/3 ∼ T 1/3 . For the mixing model, on the other hand, equation (1) with c s ∼ T 1/2 and l ∼ r ∼ T 1/2 , combined with equation (2), yields
, and S ∼ T 2/3 . These scaling relations, which are derived assuming that α mix is the same across clusters of different temperature, are shown in the last two columns of Table 1 .
At lower temperatures, the resonance radiation of highly ionized metals like O, Si, and Fe are responsible for most of the cooling. From the equilibrium cooling functions provided by Sutherland & Dopita (1993) , we approximately obtain j ∝ n 2 e T −0.7∼−1 for kT ∼ 0.05 − 1 keV (for a plasma with solar to half-solar metal abundance). Following the same steps as above, this gives a different set of scaling relations as shown in Table 1 .
Remarkably, the turbulent mixing model yields scaling relations that are in very good agreement with observations. The scalings obtained with the conduction model agree less well. Both models predict a dramatic change in the scaling below ∼ 2 keV, which is the result of the large change in cooling physics at this temperature. Notably, the entropy floor that is observed in small clusters and groups is reproduced naturally in the models.
Discussion
Diffusive processes are quite attractive as a heat source in galaxy clusters since they transport energy to the cluster centers from the outside, and also help to control the thermal instability. In this Letter, we have presented equilibrium models of galaxy clusters in which the hot gas maintains energy balance between radiative cooling and heating by turbulent mixing. To quantify the amount of heat transported by mixing, we adopt a mixing length prescription in which the heat flux is proportional to the local gradient of specific entropy, with a diffusion coefficient parameterized by a dimensionless constant α mix (see eq. [1] ). The mixing model appears to be superior to the conduction model in its ability to fit the observed density and temperature profiles of hot gas in clusters ( §3.1, Fig. 1 ). The models are also very stable ( §3.2). The better performance of the mixing model is because it transports energy more efficiently compared to conduction in the low-temperature high-density cores of clusters, as noted by Cho et al. (2003) .
What is the origin of the turbulence invoked in the mixing model? It could be from the infall of subclusters, the motion of the dark matter potential, the orbital motions of galaxies, energy input from an AGN, etc. Deiss & Just (1996) studied the turbulence generated by motions of individual galaxies and found that κ mix ∼ (1 − 10) kpc 2 Myr −1 in the Coma and Perseus clusters. Ricker & Sarazin (2001) found that the turbulent velocities driven by cluster mergers are generally subsonic, with v turb ∼ (0.1 − 0.3)c s ∼ 100 − 300 km s −1 . It is difficult to measure the coherence length of the velocity field, but Faraday depolarization measurements suggest that l B ∼ 5 − 20 kpc for magnetic field tangling near the centers of typical clusters (e.g., Carilli & Taylor 2002 and references therein). The corresponding diffusion coefficient is κ mix ∼ (0.5 − 6) kpc 2 Myr −1 . In comparison, the values of α mix ∼ 0.01 − 0.03 required in the mixing models presented here correspond to κ mix ∼ (1 − 6) kpc 2 Myr −1 for r ∼ 50 − 300 kpc. These values are in good agreement with the other independent estimates.
As shown in §3.1, some clusters that contain relatively strong AGN have somewhat larger values of α mix compared to clusters that do not have obvious AGN activity. This is natural if jets from the AGN cause some of the turbulence in the centers of these clusters. The influence of AGN jets has been studied by Churazov et al. (2002) and Brüggen & Kaiser (2002) who showed that powerful jets mix gas with different entropy and thereby greatly reduce the mass deposition rate in cluster cores. Brüggen & Kaiser (2002) , in particular, showed that the entropy increase at the cluster center is quite insensitive to the amount of energy injection by AGNs, which is consistent with our result that the values of α mix in AGN-dominated clusters are within a factor of 2 of those in clusters without strong AGN.
The model considered in this paper is highly idealized. In reality, we expect both turbulent mixing and electron conduction to influence heat transport in clusters. In addition, the mixing may be inhomogeneous, e.g., a central AGN may induce more efficient mixing near the cluster center compared to the outer regions. These effects need to be investigated in more detail. Another potential problem is that we have not considered how a cluster got to the state it is observed in. Bregman & David (1988) showed that cluster models with thermal conduction have two very distinct states, one that is unstable and develops a cooling flow and one that is stable but nearly isothermal. Equilibrium models with cool cores occur only near the boundary between the two states. It is presently unclear how a cluster that begins from generic initial conditions can end up in such an apparently non-generic final state.
Despite the above uncertainties, if we assume that all galaxy groups and clusters are in thermal steady state, with a balance between cooling and heating via turbulent heat transport, and if we further assume that α mix is roughly constant across the entire population (a not unreasonable assumption), then the model makes clear predictions for how various cluster properties should scale as a function of temperature ( §4 , Table 1 ). Remarkably, the predicted scalings are in excellent agreement with observations. Indeed, the model explains the observed discontinuity in cluster properties at kT ∼ 1 − 2 keV as a consequence of the change in the cooling function at this temperature, and provides a natural explanation for the entropy floor seen in galaxy groups. These results, though not inconsistent with some of the previously proposed explanations (see references in §4), suggest that those models should be generalized to include the effect of turbulent heat transport. 
